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Abstract
Composite materials are difficult to machine because of the anisotropy and inhomogeneity of their microstructure and the abrasiveness of their 
reinforcement components. This low machinability can determine surface integrity damage in the machined parts and very rapid wear 
development in the cutting tool. To date, conventional machining processes, such as turning, drilling or milling, are increasingly required for 
composite materials parts manufacturing, and can be successfully applied if proper tool design is achieved and adequate machining conditions 
are selected. This paper presents an outline of the main issues pertaining the machining of fibre reinforced plastic composite materials.
© 2016 The Authors. Published by Elsevier B.V.
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1. Introduction
Composite materials are made of two or more diverse 
materials providing properties that could not be obtained from 
any one material component alone. One of the materials 
performs as the matrix and at least one other material as the 
reinforcement in the composite. The matrix material has the 
role to protect the reinforcement; distribute the stress to the 
reinforcement; determine the final shape to the composite part. 
The reinforcement material(s) have the role to provide high 
mechanical properties and reinforce the matrix material also in 
preferential directions.
The properties of a composite material depend on the 
nature of the reinforcement and the matrix, the form of the 
reinforcement (particles, short fibres, long fibres) and the 
relative content of reinforcement and matrix.
Composite materials can be classified on the basis of their 
matrix material: polymer matrix composites; metal matrix 
composites; ceramic matrix composites.
This paper focuses on advanced polymer matrix composites 
reinforced with very resistant, though brittle, fibres 
impregnated in a soft and ductile polymeric matrix and 
referred to as fibre reinforced plastic (FRP) composites.
The first input to research on these new materials started in 
the aeronautical field. Today, FRP composite materials are 
utilized in a wide range of applications related to the 
aerospace, naval, sport, construction and medical industry due 
to well known advantages they can offer. They provide a 
higher strength to weight ratio and modulus to weight ratio 
when compared to metals and alloys and offer extraordinary 
opportunities for design. 
With the increasing numbers and types of applications, the 
availability of production technologies that are economically 
sustainable becomes a vital issue to achieve fully automated 
large scale manufacturing cycles. However, one of the main 
problems concerning FRP composite materials parts 
manufacturing is their low machinability with conventional 
tools, a drawback which is not yet overcome.
The very fact that FRP composite materials are by 
definition inhomogeneous and anisotropic makes their 
machining processes difficult to realize and leads to extensive 
material damage generation, impairing product quality and 
dimensional accuracy and resulting in high scrap rate.
© 2016 Published by Elsevier B.V This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the International Scientifi c Committee of 7th HPC 2016 in the person of the Conference Chair 
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2. Basic studies on FRP composite materials machining
The phenomena underlining material removal mechanisms 
for composite materials are totally different from those 
characteristic of the machining of metals and alloys and the 
literature on composite materials machining is rather limited 
in comparison with what is available on metals machining.
Although non-traditional machining processes are available 
and can solve some of the problems related to composite 
materials machining, conventional machining processes are 
largely preferred for reasons of cost and time. However, deep 
studies on machining process optimisation are still required in 
order to achieve adequate cutting quality results.
In [1], it is stated that the first step to achieve this goal is 
the study of cutting forces under simple operating conditions. 
In [2] and [3] the cutting forces and the mechanism of chip 
formation in trimming Carbon Fibre Reinforced Plastics 
(CFRP) composites are shown to be fundamentally different 
from the machining of metals and highly dependent on 
reinforcing fibre orientation. The latter parameter is worth 
particular attention since it is mainly on it that the mechanisms 
responsible for  composite materials removal depend. 
In [4-6], orthogonal cutting of unidirectional (UD) and 
multidirectional (MD) CFRP composites with PVD coated 
tools for different reinforcing fibre orientations is studied. The 
authors analysed cutting forces, chip formation and machined 
surface topography. All the mechanisms of material removal 
were found to be primarily dependent on the fibre orientation, 
whereas the tool geometry and the operating conditions had 
only secondary effects. A different shape of the chip was 
verified by changing the fibre orientation angle and the 
presence of diverse mechanisms in edge trimming of FRP was
observed. However, a clear correlation among the different 
aspects of the cutting process was limited to fibre orientations 
up to 90° and the presence of a characteristic defect, named 
“burrs”, that worsens the cut surface quality was noted starting 
from fibre orientation angle equal to 60°.
In [7] the cutting forces were correlated to the mechanisms 
of chip formation in orthogonal machining of UD CFRP 
composites. The analysis was limited to the cutting parallel to 
the fibres and the cutting speed was kept very low (v =10 
mm/min). In [8], studies on orthogonal cutting at low cutting 
speed too are presented. The authors also found a strong 
influence of the fibre orientation.
In [9], a testing campaign of high speed orthogonal cutting 
of discs made of CFRP was carried out. The particular shape 
of the work material specimens allowed to record the cutting 
force data by continuously varying the fibre orientation angle 
in the range 0°-180°. However, the shortcoming of incomplete 
cutting of the specimens in the width direction for a fibre 
orientation angle up to 30° prevented a correct analysis of the 
forces for these studies that were limited to the influence of 
depth of cut and cutting speed. In addition, the work provided 
no significant information on chip formation mechanism and 
cut surface quality.
In [10], the effect of fibre orientation on cut quality and 
surface damage was evaluated. The surface roughness of UD 
and MD CFRP composite machined surfaces was measured 
and statistically analysed. The experimental tests were limited 
only to some selected values of fibre orientation below 90° 
and the correlation between the cutting mechanism and the
values of the cutting forces during processing was neglected.
In [11], a model of chip formation in cutting operations on 
FRP composites normal to the fibre direction was performed, 
providing valuable information on cutting mechanisms only 
with reference to this orientation.
In [12], the chip formation mechanisms, the cutting forces, 
the subsurface damage, and the influence of process 
parameters variation were analysed. Also in this work, the 
cutting speed was very low and the chip was found to be 
typically discontinuous.
A study on milling of CFRP composites at very high 
cutting speed (up to 200 m/min) was carried out by [13] on 
rectangular specimens by considering only some fibre 
orientation angles.
The difficulty in achieving a satisfactory cut quality has 
been evidenced by many authors [13-15]. Some researchers 
have analyzed the mechanisms of chip formation in 
orthogonal cutting of composites laminates [5, 7, 11, 16] 
showing that a significant number of parameters, like tool 
material, tool geometry, depth of cut and fibre orientation, 
play a fundamental rule in composite materials machining.
To obtain a satisfactory cut surface quality, it is necessary 
to analyze diverse operating conditions in order to select the 
most adequate for machining process optimization. For this 
reason, an experimental campaign was carried out by [7, 9, 
14-16] with the aim to generate detailed data for the 
understanding of the nature of the formed chip and the 
influence of some particular parameters, such as the 
interaction with the tool flank, on the cutting mechanism and 
the cut surface quality.
During the cutting tests performed on a milling machine at 
low cutting speed in order to avoid significant thermal effects, 
the fibre orientation with respect to the cutting direction, the 
tool rake angle and the depth of cut were varied. Moreover, a 
limited number of tests were carried out at higher cutting 
speed. The cutting forces were detected and considered in 
relation to the mechanism of chip formation as well as the 
interaction between work material and cutting tool.
The mechanisms of chip formation and the cut surface 
quality, in terms of induced material damage and average 
surface roughness, were investigated. Whenever possible, a 
correlation between the mechanisms of chip formation and the 
cutting force values was searched for and obtained, and the 
trend of the cutting forces was attentively analysed.
In general, the mechanisms of chip formation are based on 
different composite materials failure modes occurring 
simultaneously. This renders their identification difficult on 
the basis of the cutting force evolution. Only in special cases, 
the cutting force features allow for a precise identification of 
the chip formation and detachment.
The experimental results showed that the fibre orientation 
with respect to the cutting direction, rather than the tool rake 
angle, determines the mechanism of chip formation and 
strongly influences the cut surface quality. For fibre 
orientations higher than 60°, the quality of the cut surface was 
deemed fully unacceptable.
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In the literature, most of the experimental activities in 
composite materials machining have been carried out at low 
cutting speeds. This condition is not acceptable in industrial 
practice since it adversely affects productivity which 
represents the advantageous feature of conventional 
machining compared to non-traditional processes. The effect 
of the cutting speed must be therefore considered.
In [9, 17] an extensive testing campaign of high speed 
orthogonal cutting was carried out, allowing to obtain cutting 
force data for the entire range of fibre orientation angle, 0°-
180°, by removing the previously encountered problems of 
incomplete specimen cutting that affect the analysis of the 
results with variable process parameters, in order to propose 
reliable predictive models or validate FEM models. All 
aspects of high speed orthogonal cutting of GFRP for all fibre 
orientation angles, with and without the defect of burrs, were 
studied. The aim was to analyse the obtained chip morphology 
in order to associate it to the trend of the cutting forces and the 
quality of the machined surface, strongly dependent on the 
anisotropy of the composite material.
3. Chip formation mechanisms
The understanding of the chip formation mechanisms and 
the relationship with the cutting force development represent 
the most important challenges in conventional machining 
processes of FRP composites. These challenges were 
confronted for several years by [2, 5, 7, 9, 11, 14, 16] and the 
obtained results are reported below to provide an overview on 
these topics.
A very large experimental campaign of orthogonal cutting 
tests was carried out on rectangular specimens, 100 mm long, 
3.15 mm wide and 40 mm thick, obtained from pultruded bars 
made of UD CFRP. 
A low cutting speed, v = 10 mm/min, was first adopted to 
avoid meaningful thermal effects and allow for a 
straightforward examination of the tool-material interaction 
mechanisms. Furthermore, with the aim to verify the effect of 
cutting speed, a number of cutting tests were carried out at 
high speed, v = 460 mm/min and v = 2200 mm/min. 
The tools were accurately sharpened before each cutting 
test and, where appropriate, the testpiece was changed after a 
single pass. To ascertain the effect of rake angle, J, on the 
mechanisms of chip formation, two J values, J= 0° and J =
30°, were considered. On the contrary, the relief angle was 
held constant, D = 15°, due to its negligible effect on the 
principal cutting force [14, 15]. Besides the tool rake angle, 
also the uncut chip thickness and the fibre orientation with 
respect to the cutting direction were varied.
Some cutting tests were carried out on circular specimens 
obtained from the same UD CFRP pultruded bars, whereas a 
limited number of tests at high cutting speed were performed 
on UD GFRP circular disks. For all the examined conditions, 
no significant differences were observed in the mechanisms 
involved in the material removal phenomenon, meaning that 
all the data can be used to deepen the understanding of 
conventional machining of FRP composites.
To study the chip formation mechanisms, the cutting zone 
was continuously monitored by a high speed video camera.
2.1. Theoretical approach
Predicting cutting forces in machining is a critical issue but 
it is also a difficult task, involving the knowledge of the 
material behaviour at high deformation rate, friction 
conditions at the tool-material interface, mechanisms of chip 
formation as a function of tool geometry and depth of cut. In 
the earliest studies on machining [18], it was assumed that the 
whole force developing during cutting is transmitted through 
the tool rake, and no force is present at the tool flank. This 
hypothesis has strongly influenced the subsequent analyses, 
bringing to the concept of "specific energy", defined as:
t
Fp
X  * (1)
where Fp is the principal cutting force per unit width of cut
(workpiece width) and t is the uncut chip thickness (Fig. 1).
On the basis of the experimental data, X* is actually a 
material constant, provided the cutting speed and tool 
geometry are fixed and t is sufficiently large [19]. Under these 
conditions, eq. (1) can be employed to calculate Fp. However, 
below a given t value the specific energy increases rapidly 
with decreasing uncut chip thickness, impairing the possibility 
to predict the principal cutting force with a simple equation.
The dependence of the specific energy on the uncut chip 
thickness, also known as “size effect”, has been explained by 
some authors [19] by considering the influence of the tool 
dullness and the interaction between tool flank and workpiece
on the material removal mechanism. An indirect experimental 
evidence that the tool flank action is not negligible during 
material removal by cutting is represented by the flank wear 
progression which is often the main cause for tool substitution 
or reconditioning. Nevertheless, at present no simple equation 
is available to model the “size effect”.
When the issue of composite materials machining is 
addressed, additional difficulties arise in comparison with 
metals due to the anisotropic behaviour of the work materials. 
Some authors have shown [10, 15] that the anisotropy 
strongly manifests itself in cutting operations, rendering the 
cutting forces dependent on a new critical parameter: the fibre 
orientation with respect to the cutting direction. Furthermore, 
complex modalities of chip formation, often involving surface 
integrity damage and considerably complicating the 
interpretation of the forces involved in the process, have been 
revealed by the studies carried out by [13-16].
In the analyses conducted up to date on FRP composite
machining, attention has been paid to the evolution of cutting 
forces and the identification of mechanisms resulting in chip 
formation, and also attempts have been made to analytically 
model the principal cutting force [9, 19]. However, the 
preliminary question to be answered when cutting force 
prediction is concerned is whether, given the tool geometry, 
cutting speed and fibre orientation, the specific energy is 
insensitive to the uncut chip thickness: only if this is verified, 
useful relationships between the work material properties and 
the cutting conditions can be found.
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In [21], orthogonal cutting tests were carried out on three 
types of FRP composite, varying the uncut chip thickness t. It 
was shown that in all cases the principal cutting force 
undergoes a linear increase with increasing t. Nevertheless, 
the straight line best-fitting the experimental data exhibited a 
positive intercept. Consequently, applying eq. (1) resulted in a 
specific energy decrease with increasing the uncut chip 
thickness and converging to a limit value, similarly to what is
found for metals. The experimental data were then inputted to 
a previous force model, proposed in [9, 19], and it was found
that a specific energy value independent of uncut chip 
thickness could be defined.
The latter model was developed from the combined 
observation of chip formation mechanisms and tool wear 
development during machining of UD GFRP composites, cut 
parallel to the fibre direction. Noting that the chip sliding 
along the tool rake face is limited, and the rake wear is 
negligible compared to the flank wear, the force scheme in
Fig. 1 was adopted. It can be seen that the force per unit width 
of cut at the tool rake, Fr, is assumed to be perpendicular to 
the rake face, whereas the force per unit width of cut at the 
tool flank, Ff, made of the two components Fpf and Ftf, is taken 
into account.
Fig. 1. Cutting force scheme.
From simple equilibrium considerations, the following 
relationships were derived in [19]:
prpfp FFF  (2)
trtft FFF  (3)
where Fpr, Ftr represent the components of Fr parallel and 
perpendicular to the cutting direction, respectively, given by:
Jcos rpr FF (4')
Jsin rtr FF (4")
Correlating Fpf and Ftf through the relationship:
tfpf FfF  (5)
where f is the dynamic coefficient of friction, eqs. (2), (3) and 
(5) were combined, to yield:
pr
tfp F
f
FfF
 


Jtan1
(6)
The hypothesis then was made that the force at the tool 
rake face, responsible for chip formation, increases linearly 
with uncut chip thickness, t. This assumption resulted in a 
new definition of the specific energy, denoted by the symbol 
X to distinguish it from the symbol X* in eq. (1): 
t
F
X pr (7)
From eq. (7), Fpr is nil when t is zero; therefore, according 
to the model, the positive intercept found in the Fp - t curve in 
[19] simply reflects the contribution of Fpf to the overall 
principal force.
Combining eqs. (1), (6) and (7), the following relationship 
is straightforwardly obtained:
t
F
ftgfXX tf )1(* J (8)
Eq. (8) is useful to assess the force scheme in Fig. 1 and to 
calculate X and f as well. In fact, the plot of X* against Ft/t
should result in a straight line of slope f and intercept X [1 + f 
tg(J)]. In the particular case of J = 0°, the intercept will 
directly provide X.
4. Chip form and machined surface morphology
Since the chip formation phenomenon, as already pointed 
out, is mainly governed by the fibre orientation, T with 
respect to the cutting direction, it is discussed below for the 
different values or ranges of the Tangle.
4.1. Fibre orientation T = 0°
The chip formation is influenced by the tool rake angle but, 
in the case of T = 0°, it is generally possible to obtain a good 
surface quality after cutting and, what is more, to correlate the 
mechanism of chip formation with the cutting force. 
(a)
(b)
Fig. 2. (a) Correlation between cutting force trend and chip formation phases; 
(b) detected Fp and Ft cutting force for J = 0°. Fibre orientation: T = 0°.
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Fig. 2 illustrates the phenomena observed in the case rake 
angle J = 0°. The phases of chip formation are schematically 
described (Fig. 2a) and the detected period oscillations of the
principal cutting force Fp with tool displacement, d, are 
reported (Fig. 2b). Similar variations, although less evident, 
are verified also for the thrust force Ft.
Interestingly, a tight correlation is observed between Fp and 
Ft: in general, the oscillations experienced by both forces are 
in-phase, so that a peak in Fp corresponds to a peak in Ft. 
When the principal cutting force Fp attains its maximum, the 
compression stresses in the tool-material contact zone become 
critical, resulting in “brooming” failures in the forming chip:
multiple splits randomly spaced within both the chip thickness 
and the width of cut develop in the matrix and grow parallel 
to the fibre direction. The split occurrence lowers the material 
stiffness, resulting in a load decrease (phase 2). The latter is 
progressive, rather than sudden, due to the stable propagation 
of the splits, the length of which attains a characteristic value l 
(Fig. 1), comparable to the uncut chip thickness, when the 
principal force Fp is reduced to a minimum (phase 3 in Fig. 
2a). After that, the filaments formed undergo buckling and are 
progressively bent, till they fracture transversely. At the same 
time, Fp increases again (phase 4), and a new propagation of 
the longitudinal splits takes place when Fp is maximum.
(a)
(b)
Fig. 3. (a) Detected Fp and Ft cutting force signals for J = 30°; (b) high speed 
camera frame showing chip detachment. Fibre orientation: T = 0°
Also with rake angle J = 30°, the process is discontinuous. 
However, the analysis of the images reveals that, when Fp is 
maximum, a single crack parallel to the fibre direction 
develops in the matrix in correspondence of the cutting edge 
(Fig. 3a) and propagates faster than the tool motion.
This phenomenon results in a load decrease, the rate of 
which is correlated to the speed of propagation of the crack 
(the higher the propagation speed, the higher the rate of load 
decrease). Due to the longitudinal crack, the forming chip
takes on the shape of a cantilever beam and begins to climb 
up the tool rake face, loading the crack tip according to 
fracture Mode I. The subsequent crack propagation is 
accompanied by extensive fibre bridging, which invariably 
results in an increase in the fracture Mode I critical energy 
required for further propagation [5, 7, 19, 20, 22]. 
Consequently, the propagation speed is gradually lowered, 
until the crack halts. Then, the cutting edge approaches more 
and more the crack tip, bending further the cantilever beam 
and breaking it under flexure at the clamped edge. This 
mechanism of chip formation was observed also by [4, 5] in 
orthogonal cutting tests at moderately high cutting speed.
Generally, the principal cutting force Fp grows slightly 
before chip failure, then decreases again while the chip is 
evacuated, till the crack tip is matched again by the tool. This 
yields a steep increase in Fp, resulting in a new propagation.
4.2. Fibre orientation T 
For fibre orientation   T   FKLS IRUPDWLRQ is 
substantially independent of the rake angle and uncut chip 
thickness, and develops in a discontinuous manner.
From Fig. 4, it can be seen that the tool rake engages fresh 
material, applying a compression force highly localised near 
the cutting edge. The compression stresses arising in the 
material give rise to a “process zone”, evidenced by a change 
in the reflectivity of the side surface, made of crushed fibres 
and microcracks in the plastic matrix. When the process zone 
attains a critical size, a matrix cracking parallel to the fibre 
direction starts from its tip and propagates rapidly.
(a)
(b)
Fig. 4. (a) High speed camera frame showing chip detachment for J = 30°; (b) 
detected Fp and Ft cutting force signals. Fibre orientation: T = 30°.
As the tool starts interacting with the work material, the 
principal cutting force Fp undergoes an approximately linear 
increase with tool displacement. When the dominant matrix 
cracking, leading to the chip detachment, takes place, a 
sudden drop in Fp is verified. The chip formation is due to the 
shear stress induced by the interaction between tool and work 
material following the particular fibre orientation.
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4.3. Fibre orientation T > 60°
Fibre orientation T > 60° with respect to the cutting 
direction is disadvantageous (Fig. 5): under the compression 
force applied by the tool rake, the fibres are bent and crushed 
in correspondence of the cutting edge until a series of splits 
parallel to the fibre direction is created (Fig. 5a), penetrating 
more and more into the work material and leading to 
unacceptable cut surface quality (Fig. 5b).
The analysis of both the cut surface and the chip 
morphology reveals that the splitting phenomenon occurs not 
only behind the tool cutting edge, but also along the width of
cut, resulting in a dusty chip. The fibres at the unsupported 
edges of the test specimen are bent out-of-plane, passing 
under the tool without being cut, whereas the material located
around the mid-thickness is actually removed. No significant 
oscillations are found in the detected cutting force values.
Clearly, the local fibre crushing due to the cutting edge 
action involves the compression strength of the composite 
material in the cutting direction, whereas the splitting 
phenomena appear to be generated from intense shear 
stresses, involving the in-plane shear strength of the 
composite material. The simultaneous occurrence of these 
failure modes strongly complicates the analysis, making it 
difficult to formulate a physically based model for cutting 
force prediction.
Only the material in the core of the test specimen is cut, 
while the material located at the sides remains uncut and 
undergoes a spring back after tool passage. From visual 
inspection after cutting, it was found that the volume of 
material actually removed strongly depends on both T and J. 
As a matter of fact, the higher J value provides a more 
efficient cutting action.
To try and solve the problem, a limited number of 
machining tests were performed on specimens laterally 
supported by thin layers of polycarbonate in order to avoid the 
out of plane damage and the obtained results showed a clearly 
lower damage entity.
Fibre orientation angle T = 120° appears to be the most 
difficult to cut. In particular, for rake angle J = 0° and T =
120°, the poorest cutting conditions are achieved: almost all 
the material passes under the cutting edge without being cut.
Fig. 5. Worst cutting conditions scheme (left); high speed camera frame 
showing chip removal (right). Fibre orientation: T = 90°.
5. Machined surface integrity
As previously discussed, the variation of fibre orientation 
with respect to the cutting direction can result in severe 
damage to the workpiece due to the different tool-material 
interaction. Accordingly, it is vital to evaluate the criticality of 
the induced material damage in order to select the optimal 
cutting process parameters.
The importance of workpiece quality is, in fact, often 
predominant with respect to the magnitude of the cutting 
forces: the chip formation mechanism is of primary 
significance in determining the cut surface quality and must 
be appropriately taken into account when interpreting the 
cutting force development.
The experimental results obtained during the study of chip 
formation mechanisms showed two kinds of induced material 
damage: matrix cracking parallel to the fibre direction and 
out-of-plane displacement of the material to be removed.
5.1. Matrix cracking and burr formation
In [9], the maximum penetration of the matrix cracking 
into the workpiece, D, was visually determined and measured 
through a micrometer. It is worth observing that during the 
orthogonal cutting of UD FRP composites, a characteristic 
damage DSSHDUVZKHQWKHILEUHRULHQWDWLRQDQJOHș LQFUHDVHV
which has been identified as "burrs" [9]. The burrs are formed 
in the workpiece below the machined surface where some 
cracks are visible. These cracks are extended for a length of 
some millimeters within the workpiece along the fibre 
direction. At the same time two thin layers, severely bent out-
of-plane, are created at the unsupported sides of the
workpiece. These layers are formed by uncut fibres that have
passed below the tool cutting edge and against the tool flank. 
This determines a poor cut surface quality and causes an 
unacceptable sub-surface damage in the workpiece. The main 
problem is the variability in terms of level of surface integrity 
damage, number of layers involved in the thickness direction, 
and range of fibre orientation angles. This variability depends 
on the fibre volume percent content of the FRP composite 
being processed, on the different cutting conditions, and on 
the geometry of the tool [23].
In Fig. 6, the value of crack length is reported versus fibre 
orientation, for both utilized cutting tools. The T = 0° and 30° 
fibre orientations were not considered due to the absence of 
this kind of damage after machining. It is worth noting that 
when T q the damage is lower than for T = 60°.
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Fig. 6. Crack length, D, versus fibre orientation angle , T for both rake angles.
In general, this kind of workpiece damage is verified in the 
range T = 60° - 150°. The worst results in terms of maximum 
penetration of matrix cracking, D, pertain to T = 120° 
independently of the tool geometry. It must be noted that, for
this fibre orientation and t = 0.3 mm, the maximum depth of 
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the matrix cracking attains 5.5 mm, i.e. about 18 times the 
uncut chip thickness employed, which means a severe 
degradation of the workpiece surface integrity.
An increase of the rake angle results in significantly lower 
damage only in the range T = 90° - 120°. Nevertheless, since 
rake angles higher than 30° cannot be industrially utilised, this 
type of damage seems to be unavoidable when UD FRP 
composites are to be machined.
5.2. Out-of –plane displacement
After the passage of the cutting tool, the uncut material 
gives rise to two “wisps” emerging from the workpiece sides, 
which negatively affect the cut surface quality. This kind of 
surface integrity damage is not found for fibre orientation 
angles T in the range 0° - 30°, where a good machined surface
quality is verified, and it is clearly negligible for T = 60°. 
From the surface integrity damage point of view, the worst 
fibre orientation is T = 150°.
The cutting tool with rake angle J = 30° typically produces 
a better cut surface quality. This tool geometry, in fact, is able 
to cut a higher quantity of fibres and, accordingly, produces a 
lower out-of-plane displacement.
6. Cutting forces
In Fig. 7, the principal, Fp, and thrust, Ft, cutting forces are 
plotted versus fibre orientation angle, T, for different uncut 
chip thickness values and rake angle J = 0°. For rake angle = 
30°, the force trends were comparable but with lower force 
values. The experimental data refer to cutting speed v = 8 
m/min but the same results were obtained also with lower 
speeds. This may indicate that the mechanisms of chip 
formation and chip detachment do not significant vary with 
increasing  cutting speed. At any rate, the most evident effect 
of cutting speed increase is to notably lower the principal 
cutting force, Fp, at same uncut chip thickness value and fibre 
orientation angle.
As expected, higher principal cutting forces were obtained 
for higher uncut chip thickness values. The maximum Fp
value does not pertain to a single fibre orientation: with 
increasing uncut chip thickness in the range 0.06 mm to 0.48 
mm, the fibre orientation with the maximum Fp value shifts 
from T= 120° to T= 90°. The minimum value of Fp is always 
observed in the range 150° to 180° since, as discussed above, 
in the first case, only powder like chips were observed 
whereas the second case provides the best fibre orientation in 
terms of chip formation and cut surface quality.
In Fig. 8 the thrust cutting force, Ft, was plotted versus 
fibre orientation angle, T. The trend is completely different 
from the one of the principal cutting force, Fp (Fig. 8): the 
maximum and minimum Ft values are verified for T= 30° and 
T= 150°, respectively, independently of uncut chip thickness, 
t, the influence of which is in this case far less pronounced.
Fig. 9 shows the principal cutting force plotted versus the 
fibre orientation angle, T, for different cutting speed values.
As already mentioned, an increase of cutting speed determines 
a decrease of the principal cutting force. The trends obtained 
at lower and higher cutting speed are quite the same, 
confirming that the analysis at low cutting speed is a useful 
investigation tool if the aim is to clarify the mechanisms of 
tool-material interaction.
In order to assess the model discussed above, the data 
concerning each single fibre orientation were evaluated 
according to eq. (8). The trend of the principal cutting force 
per unit chip transverse area (Fp/t*w), where w is the width of 
cut (width of the specimen), as a function of the thrust cutting 
force per unit chip transverse area (Ft/t*w) is observed to be 
linear (see Fig. 10, where the continuous straight line was 
drawn by the best-fit method).
The fibre orientation angles for which a high variability in 
the data was verified corresponds to considerable surface 
integrity damage in the workpiece [9]. The complex 
modalities of chip-work interaction during damage generation 
most probably affect the cutting forces.
From the best-fit straight lines, X and f were calculated for 
selected fibre orientations and plotted in Figs. 11 and 12
versus fibre orientation angle. Utilising X as reference 
machinability parameter, the FRP composite machinability 
strongly depend on fibre orientation. The highest specific 
energy (poorest machinability) is achieved around T = 90°, 
whereas the lowest specific energy (best machinability) is 
verified for T close to 0°.
Fig. 7. Principal cutting force, Fp, versus fibre orientation anglHșIRU
different uncut chip thickness values, t.
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Fig.9 - Principal force, FpYHUVXVILEUHRULHQWDWLRQDQJOHșIRUGLIIHUHQW
cutting speed values. Uncut chip thickness: t = 0.2 mm.
Fig. 10. Principal cutting force per unit chip transverse area, Fp/t*w, vs. thrust 
cutting force per unit chip transverse area, Ft/t*w. Fibre orientationș 
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Fig.11. Unit cutting force, X, versus fibre orientation angle, ș Rotational
speed 46 rev/min corresponds to cutting speed 8 m/min. Rotational speed 245 
rev/min corresponds to cutting speed 40 m/min.
According to the model, both X and f are affected by the 
cutting speed. The specific energy tends to decrease when the 
cutting speed increases. Interestingly, this trend is not valid 
for T = 0° and 30°. This suggests that the effect of cutting 
speed on the machinability is negligible. On the contrary, the 
influence of cutting speed on X is particularly evident when 
fibre orientation is in the range 60° to 120° where f undergoes 
a dramatic increase, although its values remain quite low.
Fig. 12. Coefficient of friction, f, versus fibre orientation angle, ș. Rotational 
speed 46 rev/min corresponds to cutting speed 8 m/min. Rotational speed 245 
rev/min corresponds to cutting speed 40 m/min.
In the case J = 0°, eq. (8) becomes:
tfh FftXF  (9)
from which it is seen that the increase of the coefficient of 
friction with increasing cutting speed tends to mask somehow 
the effect of the increased machinability on the principal 
cutting force. From eq. (9), the overall principal cutting force 
can be predicted only if the vertical force developed at the 
tool flank, Ftf, is known. Unfortunately, no theoretical model 
exists to predict this quantity. Nevertheless, from the force 
scheme in Fig. 1 the following equation is easily derived:
Ft = Ftf (10)
indicating the vertical force only pertains to the flank action.
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Fig. 13. Principal cutting force, FpYHUVXVILEUHRULHQWDWLRQDQJOHșIRU
different uncut chip thickness values. Rotational speed 245 rev/min 
corresponds to cutting speed 40 m/min.
The measured Ft values were used in eq. (9), together with 
the f and X values from Figs. 11 and 12, to calculate the 
principal cutting force. The latter is plotted in Fig. 13 where 
the open symbols refer to the theoretical predictions and the 
black symbols to the experimental values, confirming that the 
agreement between theory and experiment is quite good.
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7. Tool wear development
The microstructure of composite materials is inherently 
inhomogeneous and anisotropic; moreover, they are 
reinforced with abrasive components. Thus, they display a 
decidedly lower machinability than metal alloys: the 
composite part may be easily subjected to unacceptable 
damage and the tool wear rate can turn out to be very high. 
A careful selection of the cutting tool material, providing 
suitable strength, toughness and hardness to withstand high 
cutting forces, is required to limit tool wear due to the hard 
abrasive reinforcement in the composite. Also, the thermal 
conductivity and thermal shock resistance are critical in case 
of intermittent cutting or high speed machining, when 
substantial thermal loads are experienced [24-25].
The fiber reinforcement in FRP composites is typically 
continuous and characterized by volume percent content. This 
renders FRP brittle and their machining rarely generated a 
continuous chip. The material breaks ahead of the cutting tool 
in a series of fractures across the fibers and at the interfaces 
with the matrix. The lack of a continuous chip notably reduces 
the tool rake face wear. However, the spring back of FRP on 
the newly cut surface enhances the friction against the tool 
flank face. Moreover, small fragments of fibres entrapped 
between cut surface and tool flank face determine abrasion 
wear conditions. Thus, flank wear due to abrasion wear is the 
predominant wear phenomenon in FRP machining. 
Typically, the forces for FRP machining are much lower 
than those for metal cutting and, accordingly, the cutting 
temperature is notably lower. Therefore, tool wear in FRP 
machining is mainly due to mechanical actions rather than 
chemical processes and is influenced by the fibre properties, 
form and volume percent content.
Tool materials for FRP machining must have high hardness 
and high thermal conductivity. The former property provides 
abrasion resistance, and the latter allows for heat dissipation, 
vital in the machining of aramid and glass FRP characterized 
by low thermal conductivity. Accordingly, sintered carbides, 
CBN and PCD cutting tool materials are the most widespread.
Tool wear development of sintered carbide cutting tools is 
governed by two abrasion wear mechanisms: soft abrasion 
and hard abrasion, the latter mechanism is verified in the 
carbon and glass FRP machining. For both wear mechanisms, 
flank wear and nose rounding are the predominant tool wear 
types, while crater wear is practically missing [25].
7.1. Tool wear in orthogonal cutting
In [26-27], sensor monitoring of tool conditions was 
carried out through detection and analysis of acoustic 
emission (AE) generated during orthogonal cutting using HSS 
tools on different types of composite materials: UD glass fiber 
reinforced plastic (GFRP), UD carbon fiber reinforced plastic 
(CFRP), and sheet molding compound (SMC). Decision 
making on tool wear state was carried out via supervised 
neural network data processing of AE spectrum features for 
pattern recognition in multi-dimensional feature spaces. 
Different results were obtained according to the composite 
type: tool wear discrimination was reliably achieved for 
GFRP but not as robustly for CFRP and SMC [24].
7.2. Tool wear in drilling
Drilling processes applied to FRP composites with a range 
of tool materials have been studied by numerous researchers.
In [28], high performance sintered carbide drills were 
examined for CFRP composite drilling. TiN and DLC 
coatings were employed to limit the high wear rate of the 
sintered carbide drills, and the coating performance was 
studied in terms of material damage and thrust force and 
torque generated during processing.
In [29], the tool life of uncoated and diamond-coated 
sintered carbide tools was evaluated in GFRP composite 
drilling. The diamond coating was shown to offer a significant 
protecting action against abrasive wear and thermal wear. 
Tool wear curves shift towards higher values for higher 
cutting speeds, including those of the diamond-coated drills  
indicating thermal failure of the substrate material due to the 
insufficient heat resistance of the substrate [30].
In [31], PCD tools and sintered carbide tools for FRP 
composite drilling were compared in terms of cost and quality. 
PCD tools turn out to be an economical alternative to sintered 
carbide tools despite their higher cost due to their longer tool 
life and higher cutting speeds. 
As tools materials with higher wear resistance  allow for 
longer tool life, in [32] an experimental diamond endmill with 
sintered diamond blades brazed on a carbide substrate was 
employed for GFRP composite drilling. The wear of the 
diamond endmills was very small in comparison with sintered 
carbide tools and after drilling as many as 1000 holes the burr
was hardly visible. The torque and thrust force for the 
diamond endmills was less than 50% the one for sintered 
carbide drills. The hole wall roughness after 1000 holes 
drilled with the carbide tools was six times higher than with 
the diamond endmills (Rmax = 30 ȝm vs. Rmax < 5 ȝm) [33].
In [34], the wear of uncoated and diamond-coated carbide
tools when drilling CFRP composite was shown to be 
correlated with on the axial force applied to the cutting edge 
multiplied by the length of the contact between cutting edge 
and work material. For uncoated carbide tools, this correlation 
is a power law function, whereas for diamond-coated carbide 
tools the correlation is linear at the beginning and becomes a 
power law function at the end. A phenomenological model of 
axial load for tool wear prediction was proposed, allowing to 
forecast the simultaneous development of axial load and tool 
wear. The diamond coating on the carbide drill was shown to 
be exceedingly advantageous, yielding a tool life 10 to 12 
times higher than for the uncoated carbide drill for cutting 
speeds 3 times higher (170 m/min versus 56 m/min).  
In [35], machinability maps were introduced to select the 
optimal drilling conditions fulfilling the requirements of 
surface integrity, surface roughness, hole circularity and hole 
diameter error, during drilling with 5 mm drilles, 1500-15000
rpm rotational speed and 0.02 – 0.8 mm/rev feed rate. The 
thrust force trend and the correspondent delamination damage 
are in agreement with the wear zones and it was observed that 
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beyond the primary wear zone undersized holes were 
generated as a consequence of increasing tool flank wear.
With the aim to support on-line decision making on tool 
change execution through cognitive tool wear prediction and 
hole quality assessment, in [36] implemented a multiple 
sensor process monitoring procedure in drilling of 
CFRP/CFRP stacks for assembly of aircraft fuselage panels. 
Thrust force, torque and acoustic emission RMS signals were 
acquired during experimental drilling tests with 6.35 mm 
diameter carbide drills with different rotational speed (2700, 
6000 and 9000 rpm) and feed conditions (0.11, 0.15, 0.20 
mm/rev). A correspondence between hole diameter error and 
exit delamination factor with tool wear level was observed: in 
particular, a tool wear threshold, VB = 0.04 mm, was 
identified, in proximity of which unacceptable hole quality is 
generated. This value can be used as a threshold to determine 
the need for tool change via cognitive on-line prediction of 
tool wear during drilling.
7.3. Tool wear in milling
In [37], TiN, TiCN, TiWN and CrCN coatings were used 
to minimize tool wear in FRP composite milling, whereas 
PCD tools treated with ion implantation offered an interesting 
alternative means to increase tool wear resistance due to the 
hardness of the bonding phase and the modification of the 
friction coefficient by the introduction of ions into the surface.
In [38], the milling cutter design was thoroughly evaluated 
for the milling of CFRP composites: the boundary conditions 
for the selection of the most performing tools in terms of tool 
life were the mechanical load, caused by the abrasive carbon 
fibres, and thermal stress due to the insufficient thermal 
properties of the plastic matrix. As a matter of fact, the tool 
design should follow the analysis of the wear mechanisms, 
mainly characterised by abrasive wear due to the reinforcing 
fibres, particularly the carbon fibres, depending on the fibre 
orientation. Compared with sintered carbides, the diamond 
grains are affected more by the cobalt bonding phase 
dissolving than by the friction between the composite and the 
cutter [39], giving lower flank wear than with carbide tools. In 
the case of PCD tools, the cutting edge begins to round after 
only a few metres of milled path; however, after further 
milling, the wear of the PCD tools becomes stable and yields 
a tool life notably longer than for carbide lools (Figure 25).
In [40], PCD tools with grain size 1 - ȝPZHUHXVHGIRU
FRP composite milling. The cutting edge radius of the PCD 
FXWWHU ZDV EHWZHHQ  DQG  ȝP &RDUVHU JUDLQ VL]H FXWWHUV
have higher cutting edge radius and, accordingly, provide 
somewhat lower quality and display a lower wear resistance, 
mainly due to the superior quality of fine-grained PCD cutters. 
Although the coarser grain size material is harder, these 
factors have a critical influence on the cut surface quality: the 
surface quality achieved with finer grain tools is 25% better 
than with coarser grain tools for the same milled path. 
Compared with sintered carbide cutters, the smaller cutting 
edge radius and the higher hardness are fully beneficial in 
terms of tool wear behavior [33].
In [25], the performance of uncoated and diamond coated 
carbide end mills in terms of tool life during CFRP milling 
was studied using two machining conditions: (a) feed rate 
1.27 m/min and lineal cutting distance 30 m; (b) feed rate 2.54 
m/min and lineal cutting distance 18 m. Notwithstanding the 
longer cutting path for the lower feed rate, the flank wear of 
the diamond coated tools was significantly lower than the one 
of the uncoated tool, and also lower than the one of the coated 
tools at higher feed rate. The lower feed rate generated a 
smaller chip per tooth and, consequently, lower cutting forces 
and less severe impact on the cutting edge, enhancing the 
diamond coating resistance by reducing its chipping and 
delamination. Tool life was also higher for increased diamond 
FRDWLQJWKLFNQHVVȝPYVȝPDOVRDWORZIHHGUDWH7KH
thicker coating performed poorly at high feed rate, possibly 
due to higher internal stresses. The role plaid by the feed rate 
in controlling the performance of diamond coated tools during 
FRP milling was evident: higher feed rate and smaller coating 
thickness are found to stimulate tool wear by fracture and 
delamination of the diamond coating [25]
In [41], milling of CFRP composites was carried out using 
DLC-coated carbide end mills with different helix angles. The 
flank wear of the end mill shows that tool wear is strongly 
dependent on the fibre orientation angle ș. The flank wear of 
the high helix end mill (ȕ = 60 °) is 50% smaller than the one 
of the standard end mill (ȕ = 30 °) for all fiber orientation 
angles. A relatively large flank wear is obtained for ș = 90 ° 
and ș = -45 °. For these orientation angles, the fibres bend and 
fracture during cutting so that the friction between flank face 
and fibres increases due to the fibre spring back. Inclination 
milling with high helix angle end mills is proposed in which 
the end mill is tilted in such a way that the resultant cutting 
force is parallel to the composite material surface. This 
approach allows to reduce the tool wear and improves the 
integrity of the CFRP machined surface. 
7.4. Tool wear in turning
In [42], the flank wear in the turning of CFRP composite 
pipes was analysed for different tool materials: uncoated 
sintered carbide, diamond-coated silicon nitride, and PCD 
tools with 5 ȝm grain size and cobalt binder. After turning the 
same length length with cutting speed 100 m/min, feed rate 
0.1 mm/rev and depth of cut 0.5 mm, the flank wear of the 
uncoated sintered carbide tool is notably higher than the one 
for the PCD (4.5 times) and the diamond coated silicon nitride 
tools (3.5 times), confirming the lower performance of 
sintered carbide tools in comparison with the high performing 
diamond based tools [25].
8. Conclusions
The phenomena responsible for material removal in cutting 
FRP composite materials are fundamentally different from 
metal cutting, and deep studies on chip formation and 
machining process optimisation are still required in order to 
achieve adequate machined parts quality.
Besides tool geometry and process parameters, the chip 
formation mechanisms for FRP composites are critically 
governed by the fibre orientation with respect to the cutting 
direction: only for fiber orientations up to 30°, good surface 
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quality is generally achieved and the correlation of chip 
formation with cutting force possible. Contrarywise, good 
machining process performance can hardly, if at all, be 
obtained for fiber orientations higher than 60°, and the 
correlation with cutting force is ineffective.
Disadvantageous fibre orientations with respect to the 
cutting direction can result in severe damage to the 
workpiece. The studies on chip formation mechanisms 
evidenced two main kinds of induced surface integrity 
damage: matrix cracking parallel to the fibre direction and 
out-of-plane displacement of the material to be removed.
As regards tool wear in FRP composite machining, which 
predominantly occurs as abrasion wear on the tool flank, new 
tool materials (PCD, CBN, DLC, TiN, and other coatings), 
advanced tool design, optimal cutting parameters selection are 
required to substantially improve tool life which can be rather 
short due to the highly abrasive nature of the reinforcement 
materials.  Moreover, sensor process monitoring is highly 
recommended for on-line and real time control of the tool 
conditions in order to pursue zero defect manufacturing.
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